Photosynthetic eukaryotes are the product of an endosymbiotic event between a eukaryotic host and a cyanobacterium that became today's plastid. A new phylogenomic study suggests that the closest relative of plastids among extant cyanobacteria is the recently discovered freshwater-dwelling Gloeomargarita lithophora.
A fateful endosymbiosis between a cyanobacterium and a heterotrophic unicellular eukaryote approximately 1.5 billion years ago [1] turned out to be one of the most transformative events in life's history -it was the birth of eukaryotic phototrophy. From this single event, the very first photosynthetic eukaryotes emerged, ultimately giving rise to the remarkable diversity of algae and land plants we see today -all of which still carry a remnant of the engulfed cyanobacterium in the form of the plastid (chloroplast) [2, 3] . A long-standing mystery in evolutionary biology concerns the identity of the two cells involved in this endosymbiotic merger. In this issue of Current Biology, Ponce-Toledo and colleagues [4] present phylogenetic evidence suggesting that plastids evolved from a freshwater cyanobacterium related to the recently discovered Gloeomargarita clade ( Figure 1) . Their results impact current views on what this ancient symbiosis might have looked like and where it might have occurred.
Despite having diverged from one another more than a billion years ago, cyanobacteria and plastids are demonstrably homologous. Their oxygenproducing photosynthetic machineries are similar, they share an elaborate inner membrane system (the thylakoids) in which the light-harvesting complexes are embedded, and in some algal plastids remnants of the cyanobacterial peptidoglycan layer persist. And yet, precisely how and from whom plastids evolved is still uncertain. To shed light on these questions, researchers have turned to the best tractable feature shared between plastids and cyanobacteria: their genes.
While plastids contain a cyanobacterium-derived genome, most (>90%) of their genes have either been lost or transferred to the nuclear genome of the host [5] . Hence, photosynthetic eukaryotes harbor a footprint of the cyanobacterial progenitor of the plastid in two different genetic compartments, the plastid itself and the nucleus. In an attempt to place plastids on the tree of cyanobacteria, Ponce-Toledo et al. [4] carried out a phylogenomic analysis of cyanobacterial genes in both the plastid and nuclear genomes of diverse algae and plants. They analyzed 97 plastid-encoded proteins, ribosomal RNA data, and 72 ubiquitous nuclear genes of cyanobacterial origin from 20 photosynthetic eukaryotes, as well as homologs from 122 cyanobacteria. Their phylogenetic trees consistently produce the same result -plastids appear to be specifically related to an enigmatic freshwater cyanobacterium named Gloeomargarita lithophora.
Although discovered only recently, Gloeomargarita has already made a splash. This biofilm-forming cyanobacterium dwells in alkaline freshwater and harbors conspicuous calcium-magnesium-strontium-barium carbonate inclusions ( Figure 1 ) [6] . Given that members of the Gloeomargarita clade reside exclusively in freshwater environments [7] , the results of Ponce-Toledo et al. [4] are of particular interest -they point to a freshwater setting for the origin of plastids [8] . Although often assumed, there is little evidence to support the idea that plastids evolved in a marine context. In fact, ancestral character state reconstructions suggest that the common ancestor of all cyanobacteria lived in a freshwater habitat [8] , and all basal branching 'primary' algae have freshwater-dwelling representatives [9] . A freshwater origin of plastids is thus congruent with the inferred ancestral states of both algae and cyanobacteria. What else can we learn about the endosymbiotic origin of plastids from the biology of Gloeomargarita?
Carbon fixation is often put forth as the key selective benefit that led to the evolution of plastids, but this undersells the success of heterotrophic protists (which the common ancestor of Archaeplastida must have been, prior to plastid acquisition) and ignores important aspects of plastid biochemistry. Plastids, in fact, perform a wide range of functions in plant and algal cells, including, but not limited to, the biosynthesis of amino acids and isopentenyl diphosphate [10] . Among these additional functions could be the biochemical property (or properties) that cemented the relationship between plastid progenitor and protist host. It is nevertheless possible that the host-endosymbiont connection was built upon a biochemical capacity not found in present-day plastids. The ability to fix nitrogen is one such possibility [11] , especially since various symbioses between plants or algae and nitrogenfixing cyanobacteria are known (reviewed by [12] ). However, the fact that Gloeomargarita lithophora (to which plastids appear specifically related) lacks all genes for nitrogen fixation speaks against this idea [4] .
Another confounding factor is the morphological diversity of cyanobacteria. Many are 'simple' unicells such as Synechococcus and Gloeobacter, the latter a deeply diverging, thylakoidlacking lineage (Figure 1 ) [13] . Other cyanobacteria exhibit some of the most complex morphologies observed among prokaryotes. For example, members of the genus Nostoc grow as filaments, and their cells can differentiate into motile hormogonia as well as heterocysts, which specialize in nitrogen fixation. The filaments of some cyanobacteria, such as those of Fischerella, even branch. Based on such characteristics, cyanobacteria have been divided into several major groups (Figure 1) , which are largely congruent with the results of molecular phylogenetic analyses. But 1.5 billion years (cf. [1] ) is a long time, and various factors hinder our ability to make evolutionary inferences from the properties of extant cyanobacteria and plastid-bearing eukaryotes. For example, some character-state reconstructions suggest that many lineages of cyanobacteria were ancestrally unicellular [14] , and some of the deepest cyanobacterial radiations appear to fall roughly within the same timeframe as the origin of plastids [8] -cyanobacteria thus may have given rise to plastids before features such as filamentous growth and heterocyst-localized nitrogen fixation arose [8] . Multicellularity has also been suggested to have been gained and lost multiple times over >2 billion years of cyanobacterial evolution [15] . Worse still, the genes for other key traits, such as nitrogen fixation, have been dispersed through horizontal gene transfer (HGT) [16] . Reconciliation of morphological, biochemical, and molecular data should be considered a work in progress.
These challenges notwithstanding, the plastid-Gloeomargarita affiliation shown by Ponce-Toledo et al. [4] appears robust in the face of the usual pitfalls associated with building phylogenetic trees from anciently diverged sequences. These include the presence of fast-evolving taxa (trees were built with and without members of the notoriously divergent Synechococcus-Prochlorococcus clade), fast-evolving sites (the authors employed the 'slow-fast' method in order to increase the signal-to-noise ratio in their data), and compositional biases (protein sequences were recoded to a four-category alphabet based on the biochemical characteristics of amino acids). A so-called 'super-network' analysis was also carried out to explore the possibility that their data matrices were 'contaminated' by proteins with incongruent evolutionary histories. The super-network was consistent with the phylogenomic results, suggesting that HGT was not a confounding factor [4] .
Ponce-Toledo et al. [4] also weigh in on the utility of tree-independent, gene content-based approaches to the study of plastids and cyanobacteria. Because plastids evolved only once, the cyanobacterial genes in the nuclear genomes of plants and algae all came from the same source. One can thus ask the following question: if present, to which modern-day group of cyanobacteria are these nuclear genes most similar? Such analyses have recently shown that algal-plant nuclear genes of cyanobacterial origin show highest sequence similarity to, and are more abundant in, nitrogen-fixing filamentous cyanobacteria (Figure 1) [11, 17] . Ponce-Toledo et al. [4] reject this possibility, suggesting that the results are biased due to the larger genomes (and higher gene content) of heterocystous cyanobacteria relative to unicellular forms, and that raw sequence similarities cannot directly be utilized for inferring evolutionary relationships. They make a case for the latter argument by carrying out their own similarity-based analysis of cyanobacterial and plastid-encoded proteins, finding very mixed signals in the resulting data.
It will be interesting to see the results of gene content, sequence similarity-based approaches undertaken using the genome sequence now in hand for G. lithophora [4] . But given the dynamic nature of prokaryotic genomes, we shouldn't expect too much. While the ancestor of all cyanobacteria is predicted to have had a 4.5 megabase-pair (Mbp) genome [18] , G. lithophora's genetic material sums up to 3 Mbp (sequenced cyanobacterial genomes have between 2,000 and 12,000 genes [17] Figure 1 . Diversity of cyanobacteria, Gloeomargarita, and the origin of plastids.
A simplified cladogram of cyanobacterial diversity. Cyanobacteria have very diverse morphologies (different shadings), ranging from unicells -some even without thylakoids -to complex, branching filaments. Different studies have placed the plastid progenitor ('?') either with early-or late-branching cyanobacteria; the study by Ponce-Toledo and colleagues [4] favors the former scenario, affiliating the plastids with the early-branching Gloeomargarita clade. Note the calcium-magnesium-strontiumbarium carbonate inclusions in Gloeomargarita.
than a billion years of independent evolution -the thousands of genes in G. lithophora and the cyanobacteriumderived genes of plants and algae still tell a tale of more recent common ancestry compared to other cyanobacteria. For the time being, it is significant that G. lithophora is the sole cultured representative of a widespread group of cyanobacteria that, so far, appears restricted to freshwater environments [7] . Whether Gloeomargarita, a close relative, or a completely different lineage of cyanobacteria gave rise to plastids is still unclear, but it is only with broad taxon sampling that we can hope to unravel the complexities of cyanobacterial sequence evolution. Organisms such as Gloeomargarita are key to reaching this goal and to solving the puzzle of plastid evolution.
A new study shows that, in zebrafish, efficient postural control is developed by larvae as they learn the corrective movements required to maintain an unstable posture and overcome changes in body inertia.
Postural balance is of utmost importance not only for bipedal humans, but for many other animals as well, whether they walk on two, four or more legs, or whether they fly. Even for fish, keeping balance is not achieved automatically but requires active sensorimotor control, because the distribution of density within the fish's body is not homogenous [1] . While this inhomogeneity is potentially advantageous while locomoting, omnipresent gravitational forces would drag a motionless fish into a disadvantageous vertical posture, in which the force balance between gravity
